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INTRODUCTION

This report docoments the results from the first phase of a study to develop probability-based
code design equations for the global limit states of tension leg platforms (TLPs). This first phase
consists of the calculation of cumulative distributions of the main global responses (ie.,
maximum offset, maximum tension, minimum tension, and air gap), and the calculation of failure
probabilities due to combined tension and bending, for three hypothetical platforms with
characteristics similar to those of existing platforms. These calculations explicitly consider the
time-variant nature of TLP behavior during severe storms; separate terms are used to model the
major components of TLP time-variant response (i.e., first- and second-order wave-induced, and

wind-induced).

The three platforms considered are referred to as Gulf of Mexico Steel (GMS), North Sea Steel
(NSS), and North Sea Concrete (NSC). These platforms have characteristics similar, but not
identical, to those of the Jolliet, Hutton, and Heidrun! platforms. All calculations are performed
for the environmental conditions of the Gulf of Mexico.

The second phase of this study will utilize the results obtained here, together with similar results
for hypothetical platforms generated by scaling, to develop code design equations for offset,
minimum tension, air gap, and combined axial, bending and hydrostatic stresses. Results from
this second phase will be documented in a separate report.

This report begins with a description of the environmental data and equations for the response
quantities used as input for this study, followed by a description of the methodology employed
for the probability calculations. Results are presented in three parts, as follows: (1) cumulative
distributions of the global limit states distributions, cumulative distributions of the global limit
states including subjective uncertainties, and (3) failure probabilities under combined bending and
tension.

PROBABILISTIC CHARACTERIZATION OF THE ENVIRONMENT

The joint probabilistic description of environmental quantities during severe storms in the Gulf
of Mexico was developed by Exxon Production Research Company (EPR), using data obtained
as part of the GUMSHOE project. This probabilistic description consists of an annual rate of
storm occurrence and a joint probability distribution of the significant wave height, wave peak
period, wind speed, current speed, and directionality characterizing the strongest 1-hour of each
severe storm. This joint distribution is expressed as a product of marginal and conditional

The characteristics of the NSC TLP correspond to a pre-engineering configuration of
Heidrun TLP and not to the current configuration.
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distributions. The following is a list of these distributions, describing these distributions and the
functional forms for their parameters®:

-

The annual rate of severe storms A. Severe storms are defined as those with Hg greater
than some value H,.

Significant Wave Height Hg: 3-parameter Weibull (defined for values of Hg> Hy: the
value of Hg associated with the storm-occurrence rate A).

Peak wave period t,[Hg: normal with mean aﬂsb and constant coefficient of variation
(COV).

Wave Direction 6,: normal with constant mean and standard deviation (directions are
measured from the north, following a clockwise direction).

Wind Velocity V_IHg: normal with mean a+bHg and constant COV.

Wind Direction 6,/6,: normal with mean a+b8,, and constant standard deviation.
Current Speed V_/Hg,V,,: normal width mean® a+bHg+cV,, and constant COV.
Current Direction 6,/6y: normal with mean a+b@y and constant standard deviation.
Storm Surge S: taken as a deterministic function of Hy,

Tide T: uniform and independent of other environment variables.

All these relationships were developed using data from the strongest one-hour period (i.e, the
one-hour period with the highest Hq) in each storm. In addition, it was found that the Hg from
the strongest 3-hour period is (on average) 98% of the Hg during the strongest one-hour period,
indicating that conditions are nearly stationary during the strongest three-hour period. We assume
that the relationships above apply to the strongest three-hour period within each storm and that
the environmental variables remain constant during that period. In addition, we do not consider
times prior to or following this strongest three-hour period.

2 We do not list the actual parameters of these distributions because this information is
proprietary to Exxon Production Research Company.

3 The term cVy, introduces correlation between V., and V,, given Hg
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RESPONSE QUANTITIES

For the purpose of this study, most response quantities are characterized by explicit equations that
predict the value of the response quantity as a function of the environment variables [e.g., static
offset = f(Hg, T, V.. etc.)]. These equations were developed by Offshore Systems Analysis
Corporation (OS&C), by regressing calculated response quantities on environmental inputs. This
approach is often referred to as the "response surface" approach.

OSAC performed calculations for the three platforms considered in this study, obtaining one set
of results for each platform (results for the three platforms differ only in their coefficients; the
functional forms are the same). Time-variant (i.e., dynamic quantities) are characterized by their
root-mean-square (rms) values, zero-crossing frequencies, and bandwidth parameters (bandwidth
information is not used in this phase). The residual standard deviations--which measure the error
associated with using these regressions instead of a more detailed mathematical model of the
response--are generally small and are neglected (except for moment-induced tension and for
dynamic tension due to surge and pitch). Statistical uncertainties in the coefficients are not

reported by OSAC and are not considered here.

The following is an overview of the equations used to calculate the response quantities
considered for each limit state. Only the functional dependencies are provided; the reader is
referred to OSAC, 1992, for functional forms and coefficients. For those response equations that
were refined by OSAC subsequent to that report, the equations and coefficients are incluoded

here.

Resnonse Quantities for Offset

The offset X(t) depends on the static offset X, and the following dynamic offsets: first-order
wave-frequency offset X, (1), offset due to low-frequency wind Xisw(D), and offset due to second-
order wave effects X,y(1).

The static offset is calculated using a two-step procedure as follows:

1. Calculate the resultant of the static horizontal forces due to wind (=cfw sz), current
(=1.2¢cfc ch; where the factor of 1.2 rcﬂcctszcmntginduccf horzimntal forces 0:'11 tendons
and risers) and wave drift [=(c, +'€1 fp +¢ fp + c3fp + c4fp ) Hs 1, where fpm(tp)' . These
forces are added as vectors, considering their respective orientations.

2. Solve for the static offset by considering static equilibrium of the TLP hull, considering the
hull’s waterplane stiffness k,, and assuming infinite axial stiffness of the tendons.

Parameters cfw, cfc, and k, are reported in OSAC (1992). Coefficients ¢, through ¢, are provided
in Table 1 (source: M. Spillane, OSAC, telefax of September 16, 1992).




TABLE 1
Coefficients for Wave Drift Force

Coefficient GMS NSS NSC
o -9.3951 -3.9028E1  3.4931E1
Cq 47413E2  1.8195E3  -2.2090E3
¢y -8.9303E3  -3.1363E4  4.5944E4
Cq 7.7437TE4  2.5653E5 -3.3010ES
€4 -2.1672E5  -7.1253E5  7.98906ES5

The first-order wave frequency offset has rms and zero-crossing periods of the form:
X1, rms = fHg, fp) (1)

)
zxrv = )

The low-frequency wind-induced offset and the second-order-wave offset have zero crossing
periods equal to the surge period (not dependent on the environment). The corresponding rms

amplitudes are:

Xpyrms = fVips Xg) 3

b A ﬂHsz* £) “)

Response Quantities for Maximum and Minimum Tension

The tension T(t) depends on the static tension Tg (due to pretension and setdown), the moment-
induced static tension Ty, (due to direct action of mean forces on the TLP hull), the first-order
wave-frequency tension T, (t), the second-order-wave tension T,,(t), and the wind surge-pitch

tension Ty, ¢ ,(1).

The static tension consists of the pretension (deterministic, see OSAC, 1992) plus the set-down
tension Ty The set-down tension is calculated as:

4
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where k, is the waterplane stiffness, N, is the total number of tendons, L is the tendon length,
and X, is the static offset.

The tension due to static moments T, is dominated by the wind-induced overturning moments
on the TLP hull. It is calculated by the expression:
2
Tmom mf {VW, COS(SW—G")} (6)

where Bi is the orientation of the TLP corner for which the tension is calculated.

The first-order wave-frequency tension has rms amplitude and zero-crossing period of the form
T\Yms = f [Hg, cos(8,-6,)] 7

zxiv = A8, &

- The second-order offset-induced tension T,y is proportional to the second-order wave offset. It

takes the form:

T/D = X, (O fIX, 5C08(8y,-8y)] 9

The wind surge-pitch tension is related to T pom and has an rms value of the form:
2
Ty,5-p.rms Vs cOS(B6,)] (10
OSAC did not calculate zero-crossing period for this tension. A value equal to one half the surge

period is used in the calculations. This value has a negligible effect on the calculations, because
other time-variant quantities have derivatives with much higher rms values.




METHODOLOGY FOR PROBABILISTIC ANALYSIS

We calculate failure probabilities and exceedance probabilities using procedures based on the
FORM/SORM methodology (Madsen et al., 1986). FORM/SORM methods are used to caiculate
the probability of failure during a storm with given values of the environment variables (the inner
loop problem) and to integrate over the environment variables and the occurrence model to obtain
the annual probability of failure or the annual probability of exceedance (outer-loop problem).

All calculations were performed using Risk Engineering’s RELACS (RELiability Analysis of
Components and Systems) code.

Outer Loop
The annual probability of failure is written as:

Py = 1-exp{-A Egpyironmend Py (1storm |Environment)}} (11)

Where A is the annual rate of severe storms, Eggvironmen: | ] indicates expectation over all
environmental quantities {e.g., Hg, tp, V,, etc.), and P; (1 storm{Environment) is the probability
of failure given 1 storm with given environmental parameters (this probability is calculated in
the inner loop). This equation assumes that the occurrence of severe storms follows a Poisson
process. Py may also refer to the annual probability that a response quantity (e.g., maximum
tension) exceeds a value of interest.

Because A is approximately 0.1 and the expectation is smaller than 1, one can linearize the
exponential in equation, yielding

PrAEg, ivonmend Py (1 Storm|Environment)] (12)
To evaluate the expectation over the environment variables, we use a formulation by Wen and

Chen (1987), which transforms the expectation of a probability into a domain integral suitable
for application of FORM/SORM methods. Under this formulation,

(13)
Egmironment P (1storm|Environment)]= P[Uw-fb“lIPf(lsmm]Enviroment)] < 0]

where U, . is an auxiliary standard normal random variable and &1 denotes the inverse normal
cumulative distribution.

Considering the right-hand side of Equation 13, we note that the expectation problem has been

6
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transformed into a FORM/SORM problem where the random variables are the environmental
variables plus the auxiliary variable and the limit-state function is as follows:

g(Environment,U,,,) = Uy, ~® '[P, (1storm|Environmens)) (14)

Use of SORM (instead of FORM) was required for these calculations, due to the large curvature
of the limit-state function of the Wen-Chen formulation. The accuracy of the SORM formulation
was tested against simulation results, using both importance sampling and Monte Carlo.

Inner Loop

The inner loop calculates the probability of failure during 2 storm, for given values of the
environment quantities (which translate into given values of static responses, rms values, angles,
etc.). Assuming that the environment quantities and the rms values of the dynamic responses
remain constant during the strongest portion of the storms, and assuming that failures (or
crossings of the value of interest) follow a Poisson process, this probability is given by:

P{1storm|Environment) = 1-expl~Vfipiromment] (15)

where Vg, oo mene 15 the mean rate of failures or out-crossings (given the environment) and T
is the storm duration.

The failure or out-crossing rate is evaluated as a FORM/SORM problem following the
formulation by Hagen and Tvedt (1990), which evaluates this rate as a FORM/SORM system

sensitivity problem; ie.,

Vi1t o = 5 PLE0<0 N g)+0g() <01} (16)

where 8 is a dummy variable, g(t) is the value of the limit state function at time t(g<0 indicates

failure or exceedance of a response value of interest), and g(¢) is its time derivative?.
Calculation of vy g Tequires the evaluation of three different FORM/SORM problems, but

4 2 is obtained from &(1) by applying the chain rule of differentiation; ie.,
o .
(=) . gl X(D]X . (¢
£@) ,aXig{ 0iX;®




it does not require the calculation of any probabilities of unions or intersections.

This formulation requires specification of the joint distribution of the time-variant quantities X(t)
(e.g., first-order wave-frequency offset) and their time derivatives X(f). All time-variant

quantities were assumed to be normal random processes®, Therefore, their probabilistic
characterization consists of the specification of the rms values and correlation coefficients of X(t)

and X(f). The rms values are computed using OSAC's equations {(as functions of the
environment quantities). Correlation coefficients were generally assumed equal to zero, except
in a few cases (to be described later) where full correlation (between two quantities and between

their derivatives) is more appropriate.

The Hagen-Tvedt formulation allows for limit-state functions that are non-linear in X(t). We use
non-linear limit-state functions when required by the nature of the problem (the latter was the
case for offset, air gap, and combined tension and bending). In all instances, the inner-loop limit-
state functions are fairly linear in the neighborhood of the design point. We used SORM for the
inner loop calculations, although FORM would have been adequate.

Independent calculations were performed to test the accuracy of RELACS’s implementation of
the Hagen-Tvedt formulation.

> In the RELACS code, the evaluation of Equation 16 is performed as follows. The
intersection probability in Equation 16 is written (after linearization of the limit-state functions)

as a bivariate normal CDF; i.e., ®[-B,,-B(8);p(8)], where B, and B,(6) are the safety indices

of the two "components” in Equation 16, and p(6}=zi oy ; &, (8) is the correlation coefficient
associated with their director cosines. The derivatives of this bivariate normal CDF with respect
to B, and p are evaluated using equations in Appendix I of Hagen and Tvedt (1990), without
calculation of unions or intersections. In addition, the derivatives of B, and p with respect to
8 are evaluated (as one-sided finite difference approximations) using the safety indices and
director cosines obtained by solving the FORM problem P[g(7)+62(r)<0] with 6=0 and with
0 much smaller than the zero-crossing periods of the time-variant quantities. These two sets of
derivatives are then combined using the chain rule of differentiation, obtaining an approximation
to the desired derivative.

®More realistic distribution models will be considered in a later phase of this study.
8
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TASK-1 CALCULATIONS AND RESULTS:
CUMULATIVE DISTRIBUTIONS OF GLOBAL LIMIT STATES

This section documents the limit-state functions and problem-specific assumptions that we use
for the limit states considered in Task 1 (i.e., maximum offset, maximum tension, minimum
tension, and air gap). This section also documents results, in the form of figures showing annual
exceedance probabilities for given values of the peak response. Additional tabular results are
contained in Appendix A.

Offset

In the offset calculations, we consider the orientations of the various components of offset. The

static offset is assumed to have the same orientation as the wind (recall that the environment

model treats the wind, wave and current headings as random variables).

The offset in the wind direction and in the direction perpendicular to the wind are given by
Xying air=X +X RO S (5] +Xou(D]cos(0y,-0y) an

X perpena. (=X A0 +X p,D)]sin(8,-8;,) (18)

The limit-state function is given as

8O YX i K, 07 9

where x, is the offset of intcrcst7, for which we wish to calculate the annual exceedance
probability. Instead of the above form, we use the equivalent "squared” form

8O, Koy DK s () (20)

which was found to exhibit better convergence in the importance-sampling calculations.

Results for the three platforms, are shown in Figures 1 through 3. Results for exceedance
probabilities near 107! are unconservative, due to lower-end truncation in the distribution of Hg
(i.e, storms with Hg<H, are not considered). Tabular results are given in Appendix A, in the
form of three tables per platform. The first table shows the values of the outer-loop random
variables (i.e., the environmental quantities) at the design point. The second table shows the

"Note that the square root in Equation 19 represents the maximum offset regardless of
direction. In other words, the limit-state function for offset is circular,
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corresponding importance factors (i.e., the « vector). The third table shows the values of
response quantities (i.., static responses, rms values of dynamic responses) at the design point.

The tables of random wvariables indicate that the 100-yr value of offset is associated with
approximately the 50-year value of Hg. Also, the wind and wave directions at the design point
are nearly coincident, resulting on an inner-loop limit-state function that is nearly linear in the
time-variant random quantities. The corresponding peak factor (i.e., the ratio of peak value 0
rms) for the combined time-variant response is approximately 3.5, which corresponds to a value
of approximately -1.5 of the auxiliary random variable. These observations are also valid for
maximum tension, and minimum tension.

In the tables of importance factors, a large importance factor indicates that an outer-loop random

quantity is probabilistically important. The large importance factors for Hg do not necessarily
indicate that waves dominate the static offset. This is because the wind and current velocities

were specified conditionally on Hg and their importance in the calculations contribute to the high
importance factor of Hg. The importance factor associated with the auxiliary random variable
represent the probabilistic importance of the short-term random quantities (i.e., the guantities in
the inner loop).

The tables of response quantities show the values at the design point of the most important
characteristics of TLP response during a storm; i.e., the static offset and the rms values of the
three time-variant offsets. Less important characteristics such as the rms values of derivatives
are not included in these tables. These tables indicate that the most important contributors to
maximum offset are the static offset and the low-frequency wind-induced dynamic response.

Maximum Tension

In the maximum and minimnum tension calculations, we consider the tendons attached to one
specific TLP column, specified through 6;, the orientation of the column diagonal. Tensions
associated with moments (i.e., Ty, Tiy(D), and T, 5 depend on the angle between the column
diagonal and the wind or wave direction. This directional effect is already included through the
cosine terms in Equations 6, 7, and 10. In contrast, tensions associated with pretension and
setdown are the same for all tendons.

Because the average directions of wind and waves are approximately -90° (i.e., due West), we
assume that one of the TLP column diagonals is oriented east-west and we consider one of the
tendons attached to the up-weather (or east) column. Thus, the cosine terms in equations 6, 7,
and 10 will be near their maximum at the design point.

The equation for the limit-state function is

10

o




ety

f
{

8O T 1T 5 T o * Ty Ty ()T, (D] @n

where ng is the tension of interest (i.e., the tension for which we wish to evaluate the
exceedance probability).

Resuits for the three platforms are shown in Figures 4 through 6. Tabular results are presented
in Appendix A, following the same format used for maximum offset. The tables of response
quantities indicate that the most important contributors to maximum tension are first-order wave-
induced dynamic tension, the setdown tension, and the static wind-induced moment. The

Additional calculations were performed to investigate the sensitivity to small changes in the TLP
orientation, by considering a TLP orientation that coincides with the mean wave direction. The
resulting exceedance probabilities are approximately 10% higher than those obtained here. In
addition, we investigate the contribution of TLP columns oriented on north-south direction. The
resulting exceedance probabilities are much smaller than those obtained for the east-west

direction and can be neglected.

Minimum Tension

Minimum tension occurs on the tendons attached to the down-weather TLP column. The static
moment and the dynamic tensions tend to counteract the tension due to pretensions and static

offset.

T!;c‘comsponding inner-loop limit-state function is of the form

8= T oin 0* T5 T pomT1AD-Tpp()-T,, ;] 22)

where T .., represents the tension of interest (recall that we are calculating the annual
probability of occurrence of tensions lower than Trnin,0)- Results for the three platforms are shown
in Figures 7 through 9. Tabular results are presented in Appendix A.

The tables of response quantities indicate that the most important contributors to maximum
tension are first-order wave-induced dynamic tension, the setdown tension, and the static wind-
induced moment. The

Equation 22 does not include the effect of tendon curvature, which is important for minimum-
tension calculations. This is conservative because tendon curvature tends to increase tension.

It has been suggested that these minimum-tension results may be unconservative because the
environmental model used here does not include sea states with moderately high waves and low
wind velocities (e.g., in the eye of a hurricane), which are believed to be more critical for
minimum tension. We can obtain a qualitative sense of the importance of wind in minimum-

11




tension calculations by examining the importance factors for wind velocity on the corresponding
tables in the Appendix. The signs of these importance factors indicate that wind has a beneficial
effect (i.e., increasing tension) for only one of the three platforms (i.e., GMS). Furthermore, the
absolute value of the wind importance factor is small for the three platforms.

Wind has two effects in relation to minimum tension: (1) it generates static offset, which
increases setdown, causing increased static tension; and (2) it generates a static overturning
moment on the hull, causing decreased tension in the down-weather tendons. These two effects
tend to cancel out, causing wind to be relatively unimportant, as indicated by the importance

factors.

Additional calculations were performed for the GMS platform, assuming mean wind velocities
(given Hg) lower than those in the environmental model. We considered two assumptions for
the mean wind velocity given Hg, as follows: (1) no wind, and (2) wind speed equal to 1/2 the
value predicted by the environmental model. Results indicate small changes in the probability
distribution of minimum tension.

Air Gap

To investigate the air gap required for avoiding wave impact on the TLP deck, we calculate the
probability distribution of set-down plus crest (SDC). For these calculations, the wave elevation
1(t) is assumed to be a gaussian process with rms amplitude equal to eHg/4, where e is a wave-
enhancement factor (assumed equal to 1.1). Although the relative phasing between n(t) (at the
platiorm midpoint) and the first-order wave-frequency offset X,y(t) is not obvious, we assume
perfect correlation between the two processes (and between their derivatives).

We include astronomical tide and storm surge in these calculations, considering the effect of
these quantities on air gap and on static offset. We do not consider their effect on the rms values

of dynamic offsets.

The limit-state function for set-down plus crest is of the form

2(8)=SDC,~[())+surge +tide+L~|L2-X(? )] (23)

where SDC, is the value of interest and the term in parenthesis represents set-down associated
with the total offset X(t). In the calculation of the static offset, we include the effect of surge

and tide on pretension.

Results for all platforms are presented in Figures 10 through 12. Additional tabular results are
contained in Appendix A. The tables of response quantities indicate that 1n(t) is the dominant
contributor to SDC. Because offset is a small contributor to SDC, and because X;y(t) is a small
contributor to offset, the assumption about correlation between 1 and X;y(t) is unimportant.

12




Becanse SDC is so strongly controlied by Hg, the tables of random-variables indicate that the
100-yr value of SDC is associated with the 100-yr Hg (unlike the results for offset and tension).
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Figure 1. Distribution of maximum offset: GMS platform
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Figure 12. Distribution of setdown plus crest: NSC platform
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TASK-2 CALCULATIONS AND RESULTS:
CUMULATIVE DISTRIBUTIONS OF GLOBAL LIMIT STATES
INCLUDING SUBJECTIVE UNCERTAINTIES

In this task we repeat the calculations performed in Task 1, including subjective uncertainties
on the calculated response quantities (i.e., static responses and rms values of dynamic responses).
If some or all of the errors associated with these response quantities are systematic (meaning that
a certain response quantity is always overestimated or always underestimated by the same
amount, over all storms), one needs (at least in principle) a third FORM/SORM loop to integrate
over these uncertainties. That is, one needs two FORM/SORM loops (in addition to the inner
loop used for the time-variant calculations) to evaluate the two expectations in the equation

Py = E‘e{l -exp{-A Epvironment|@lPy (1storm IEnviromnent)]}] (24)

where © represents systematic uncertainties. In practice, this is not required because the
exponentiation in Equation 24 may be linearized and all expectations can be calculated using one
multi-dimensional integral (se¢ discussion above Equation 12). Thus, one can include all
subjective uncertainties (whether systematic or variable from storm to storm) in the same outer-
loop as the environmental quantities®. All subjective uncertainties are characterized by normal
distributions. The parameters for these distributions are provided in Table 2 below.

In the reliability calculations, the response quantities are evaluated using Equations 1 through 10.
The resulting values are then multiplied by the values of the random variables representing
subjective uncertainties. The functional forms of the inner- and outer-loop limit-state functions
are the same used in the calculations with no subjective uncertainties.

Fgures 13 through 24 compare the cumulative distributions of maximum offset, maximum and
minimum tension, and air gap, to the results obtained in Task 1. The results for offset, maximum
tension, and air gap indicate that the effect of subjective uncertainty is not important at return
periods of 100 years, but becomes important for return periods. of the order of 10,000 years. The
effect of subjective uncertainty is most important for minimum tension and least important for
maximum tension. Note also that results for GMS exhibit more sensitivity to subjective
uncertainty. Appendix A contains tables showing the values of random variables (including
subjective uncertainties) and importance factors at the design point. The tables of importance
factors indicate that uncertainty in the static offset is the subjective uncertainty with the largest

8 Intuitively, using the same FORM/SORM loop to integrate over the uncertainties and the
environmental quantities implies that the environmental quantities take the same value for all
storms. If the expected number of severe storms is <<1, the probability of two or more storms
is very small and this assumption does not introduce a significant error.
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importance factor and with the largest effect on the calculated probabilities. This is the case for
all limit states considered and for all platforms, especially for GMS (the platform in deepest
water). Uncertainty in the low-frequency wind-induced offset is also important for maximum
offset. Uncertainty in the first-order wave-induced tension is also important for maximum and

minimum tension.

Table 2
Subjective Uncertainties’
Quantity® Mean Std. Deviation
Xs 1.0 0.20 4
Xiv 1.0 0.05 i
Xov 09 0.25
mom 1.0 0.10
Ty 1.0 0.10
y o 143 0.30
Tw SP I.O 0. 10
e 1.0 0.05 4
! Source: H. Banon, EPR, personal communication,
July 28, 1992.
2 See Section entitled Response Quantities for definitions
of these terms,
3 This large bias represents the effect of inertia
moments, which were not included in OSAC’'s %
calculations.

4 This distribution is truncated (from below) at 0.91=1/1.1
because the wave enhancement factor must be higher than 1.
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Figure 13. Effect of subjective uncertainty on the distribution of maximum
offset: GMS platform
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Figure 14.  Effect of subjective uncertainty on the distribution of maximum
offset: NSS platform
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Figure 18.  Effect of subjective uncertainty on the distribution of maximum
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Figure 19.
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TASK 3 CALCULATIONS AND RESULTS:
FAILURE PROBABILITIES UNDER COMBINED
TENSION AND BENDING

In Task 3 we calculate probabilities of failure due to combined tension, bending, and hydrostatic
pressure. The bending stresses are due to the stiffness of the elastomers at both ends of the
tendons, and are proportional to the total offset. The hydrostatic pressure is treated as
deterministic. In this study, we consider only a tendon cross section at the bottom.

The limit-state function for tension, bending, and hydrostatic pressure is of the form®

a.b)
{f 2D +f »(2) (25)

g(®=1-2. s
FGL‘ Fbc

[

where p is the hydrostatic pressure, Py is the ultimate srength under hydrostatic pressure, {, is
the tensile stress (proportional to the tension T(t) of an up-weather tendonj, F, is the tensile
strength, f is the bending stress (equal to the offset angle time the elastomer stiffness), Fy. is
the ultimate strength under bending, and n(t) is given by the expression

a b
- (26)
na,b) n‘{a +b }nb[a +b J

n,=2+0.023(D/t) @7
n,=1+00 (28)
Dfx

where a(t)=f,(t)/F,., and b(t)={fb(t)/FchI'7, D is the tendon diameter, and T is the tendon
thickness. The axial strength F,. is assumed equal to the yield strength. The hydrostatic and
bending capacities Py and F,, depend on the yield strength and on D/r; they were calculated
using equations provided by Reza Rashedi of Conoco (communication of July 20, 1992). For
typical values of D/t and of p/P,, the limit-state function defined by Equations 25 through 28
is nearly linear in f, and f,,

Table 3 lists the tendon-section properties for the three platforms. The tendons for NSS and NSC
were "designed” by Conoco for Guif of Mexico conditions using the tension results from Task
1 of this study. Only the first of the two tendon designs provided by Conoco was used for each
of these two platforms.

% Source: Reza Rashedi, Conoco, personal communications of May 19 and July 20, 1992.
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Calculations were performed to obtain the failure probability for given values of Hg, as well as
the marginal failure probability (i.e., over all values of Hg). Subjective uncertainties in the
response quantities (Table 2) were included in these calculations, as well as uncertainties on the
capacities {see Table 4). Figures 25 through 27 show failure probability given Hg. Table 5
shows failure probabilities and values of the environmental quantities at the design point,
Tabular results showing the values of random variables and importance factors are presented in
Appendix A. The tables of importance factors indicate that the most important subjective
uncertainty in response is that of static offset. The most important subjective uncertainty in
capacity is that of yield strength (or axial capacity).

Table 3
Tendon Cross-Section Properties
Platform GMS NSS NSC
Outside Diameter (mm) 610 457 864
thickness {mm) 20.7 286 286
Elastomer Stiffness (kNm/degree) 27.0 30.0 50.0
mean Fy (N/mm?) 476 547 476
P, (N/mm?) 15.1 59.0 14.1
F,. (\/mm?) 542 688 540
n, 2679 2.368 2.695
n, 11.156 19761 10924
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Table 4
Subjective Uncertainties in Section Capacities!

Quantity Mean Std. Deviation
F,, 1.15 0.08
Fy. L1S 0.112
3
Pc 095 0.13

! Sources: Reza Rashedi, Conoco, written communication,
July 20, 1992; Bob Zimmer, Conoco, telephone communication,

2 This standard deviation represents the combined effect
of uncestainty in the interaction equation (given the yield strength)
and uncertainty in the yield strength (given the nominal strength).
Because the values of F,_ and F_ in Table 3 are based on the
mean yield strength, we use bias factors of 1.0 in the calculations.
3 This value is applicable 10 GMS and NSC, which have tendons with
g Dft=30. The value for NSS is 0.15 because of uncertainty in yield
£, strength, which has a greater effect on tendons with smafler D/t

Table 5

Failure Probabilities and Design Points:

g Combined Tension and Bending

Hg T, 8 V, by Ve O¢
TLP  P; (m) (sec) (deg) (mfsec) (deg) (m/fsec) (deg)
GMS 439E-08 17.7 155 -85 688 -82 2.1 -74
NSS 1.96E-05 154 152 -84 576 -84 1.6 -71
NSC  1.20E-05153 151 -84 57.8 -84 1.7 -12
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APPENDIX A
TABULAR RESULTS

This appendix contains tables documenting the results obtained in tasks 1, 2, and 3. Results from
Task 1 consist of three tables (values of outer-loop random variables at the design point, outer-
loop importance factors, and response components) for each limit state and each response
quantity (i.e., a total of 36 tables; pages A-2 through A-37). Results from Task 2 consist of two
tables (values of outer-loop random variables at the design point and outer-loop importance
factors) for each limit state and each response quantity (ie., a total of 24 tables; pages A-38
through A-61). Results from Task 3 consist of two sets of results. The first set consists of two
tables for each platform showing values of random variables and importance factors at the
design point for calculations performed with fixed values of Hg (pages A-62 through A-67). The
second sets consists of two tables showing values of random variables and importance factors
at the design point obtained by treating Hg as random (pages A-68 and A-69).
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